During acute regional myocardial ischemia, a "current of injury" flows between the ischemic and the normal tissue. Its direction and magnitude change during the cardiac cycle. During diastole, the injury current flows intracellularly from the ischemic cells toward the normal cells and tends to depolarize the latter. To gain insight into the possible role of the injury current in arrhythmogenesis, we simultaneously determined diastolic stimulation threshold, [K'],, and TQ potential at multiple sites closely spaced across the cyanotic border in Langendorffperfused pig hearts during the first 10 minutes after occlusion of the left anterior descending coronary artery. The position of the electrodes relative to the border was validated by their response to 1) regional ischemia and 2) selective perfusion with a high-K' perfusate of the left anterior descending coronary artery. A temporary decrease of diastolic stimulation threshold preceded a rapid increase in the central ischemic zone; a lasting reduction (by +20%) without a concomitant increase of fK41. was observed at seven sites (of 39 sites tested), five of which were less than 2 mm outside the electrophysiological border. Moreover, up to 4 mm inside the electrophysiological border, a similar lasting decrease of diastolic stimulation threshold was accompanied by a moderate increase of [K]o. We conclude that 1) the injury current causes increased excitability in normal tissue close to the "ischemic" border and 2) increased excitability related to a moderately increased [K']. may persist up to 10 minutes of ischemia at the ischemic side of the border. Both factors may facilitate the induction of life-threatening arrhythmias in acute myocardial ischemia. (Circulation Research 1991;68:1241-1249 T he injury current, an electrotonic current flowing between depolarized and normal cells, has been implicated as a potential cause for the initiation of premature ventricular beats during the early phase of myocardial ischemia.1-4 Mapping experiments in the feline heart have shown that these premature ventricular beats have a "focal" origin in 24% of cases.5 The activation pattern of the initial beats of ventricular tachyarrhythmias during ischemia in the pig heart shows a wave front originating from the nonischemic side of the border.3'6 The
T he injury current, an electrotonic current flowing between depolarized and normal cells, has been implicated as a potential cause for the initiation of premature ventricular beats during the early phase of myocardial ischemia. [1] [2] [3] [4] Mapping experiments in the feline heart have shown that these premature ventricular beats have a "focal" origin in 24% of cases. 5 The activation pattern of the initial beats of ventricular tachyarrhythmias during ischemia in the pig heart shows a wave front originating from the nonischemic side of the border.3'6 The mechanism for the focal emergence of these premature beats is unknown. 7 During diastole, the injury current flows from the intracellular compartment of the ischemic myocardium toward that of adjacent normal tissue, where it may exert a depolarizing effect. The diastolic injury current emerges as a current source in the extracellular space at the normal side of the border and flows back into the ischemic tissue, where it enters, as a current sink, the intracellular space. The intensity of the injury current depends on the amplitude and the steepness of the intracellular potential gradient across the "ischemic" border and on the resistivities in the current circuit. The extracellular current sources and sinks appear in the local, DC-amplified electrogram as positive and negative displacements of the TQ segment, respectively.4 In systole, the injury current flows in the reverse direction, giving rise to local ST segment changes. During a deeply negative T wave, which often occurs alternatingly after about 3 minutes of regional ischemia in the ischemic zone and which premonitors the occurrence of ventricular ectopic activity, local activation of the ischemic tissue is delayed and coincides with repolarization of normal tissue. At that instant the intracellular potential gradient between ischemic and normal myocardium is larger and may generate a larger injury current than during mid diastole. 4 The significance of the injury current for the initiation of premature beats during acute myocardial ischemia is not known, nor is it known whether the current is strong enough to bring cells to excitation threshold. Janse et a13 have estimated the magnitude of current sinks and sources with the use of Laplacian maps constructed on the basis of the extracellular potential distribution. During a deeply negative T wave, the maximal current sinks and sources may amount to half of the value calculated for current sources during a broadly propagated wave front in normal myocardium. 3 The aim of this study is to determine the physiological significance of the injury current during acute myocardial ischemia and to measure the potential gradients associated with the injury current. Since the injury current during diastole or during a deeply negative T wave may depolarize normal myocardium close to the ischemic border, we expect that at such sites current requirements for the initiation of a propagated response are decreased. Therefore, we studied the local stimulation threshold at the normal side of the ischemic border. Because of the small time window for the occurrence of deeply negative T waves, we restricted the measurements to diastole. The position of the electrodes at the "normal" side of the electrophysiological border was validated by the absence of an increase of local [K+] 
Materials and Methods
Seven pigs weighing 15-20 kg were anesthetized by intravenous injection of sodium barbital (20 mg/kg). After tracheal intubation, respiration was artificially maintained, and a midsternal thoracotomy was performed. Heparin (1,000 IU) was administered intravenously. A modified Tyrode's solution was infused in a femoral vein. Simultaneously, a blood-Tyrode's mixture was collected from the anterior caval vein. After induction of ventricular fibrillation by direct current, the heart was excised, and the aorta was cannulated. The heart was connected to a Langendorff perfusion system and defibrillated by a DCcountershock. The LAD was cannulated separately.
Perfusion System
The hearts were perfused according to the Langendorff method. The setup consisted of a double recirculatory system that allowed instantaneous changing of perfusion to fluids of different composition. About 1 1 perfusion fluid was required for each of the two recirculatory systems. Perfusion of the heart with a blood-Tyrode's mixture with a moderately elevated potassium concentration (global high K') ([K'] about 8 mmol/l) allowed the in situ calibration of potassium-sensitive electrodes; a perfusate with a high [K'] (15-20 mmol/l) was used to defibrillate the heart if necessary. Moreover, the LAD could be selectively perfused with a high-[K+]-containing medium (regional high K'): in this case, a similar and constant pressure prevailed in both recirculatory systems. After a change of perfusate, the venous outflow of the heart was not immediately of the same composition as the arterial inflow; this resulted in fluctuations in the [K'] of the perfusate of either recirculatory system because of the limited amount of fluid in the system. This was particularly obvious during regional high-K' perfusion.
Perfusion solutions were gassed in bubble oxygenators with a mixture of CO2 and room air. Temperature of the heart was 37°C; pH of the oxygenated perfusion solutions was between 7.35 and 7.45.
Electrodes
Electrodes contained a potassium-sensitive terminal, a reference electrode, and a stimulating electrode. Three insulated copper wires (diameter 0.2 mm) were, at one end, glued to a suture, which in turn was attached to a straight needle (Ethicon GmbH, Norderstedt, FRG). About 15 cm from the intersection of the three wires, >0.5 mm of the insulation was removed. Here, silver was deposited by galvanization; subsequently, AgCl was deposited by bleaching in sodium hypochlorite. One of the terminals served as a stimulating electrode, and one served as a reference electrode for the potassium measurements. On the third terminal, a valinomycintype potassium-sensitive electrode was made as described before. 8 The stimulating electrode was connected to a current source; the other electrodes were connected to high-input impedance buffer amplifiers (OPA 111, Burr-Brown Corp., Tucson, Ariz.). Measurements were made with respect to a common reference electrode, consisting of a large Ag/AgCl electrode attached to the root of the aorta. Signals from the reference electrodes were DC-amplified, digitized (1 sample/2 msec), and written in a circular memory buffer, the content of which could be transferred to disk, when necessary. The signals of the potassiumsensitive electrodes were differentially DC-amplified against their reference electrodes, digitized (1 sample/8 msec), and processed identically. Eight electrograms were monitored on a digital matrix recorder, and two K' signals were continuously written on a low-speed chart recorder.
Protocol
After an equilibration period of approximately 15 minutes, a first 3-4-minute occlusion of the LAD was made to identify the position of the visible border between ischemic and normal tissue. Subsequently, 12-16 electrode triplets were placed in the myocardium: two electrode triplets were placed in the "central" zone (i.e., at a distance >2 cm from the site of the visible border); the other electrodes were placed in one or two rows perpendicular to the site of the visible border at 1-3-mm interelectrode distance. The suture/needle, connected to each electrode triplet, was inserted perpendicular to the epicardial surface and advanced until the electrode terminals were 5 mm below the epicardial surface (by aligning a painted mark on the electrodes with the epicardium). A map of the electrode positions relative to anatomic hallmarks was drawn during the process of inserting the electrodes. Global perfusion of the heart with a blood-Tyrode's mixture containing high-K' concentration (high K', +8 mmol/l) was then performed for 3-5 minutes (depending on the time to plateau, as indicated by the potassiumsensitive electrodes), immediately followed by regional perfusion (through the LAD) with high K' and reperfusion of the rest of the heart with normal K' for a similar period of time. These interventions allowed us 1) to identify which of the K'-sensitive electrodes responded correctly and 2) to localize the electrodes relative to the LAD-perfused tissue. Subsequently, repeated brief (up to 10-minute) occlusions of the LAD were performed, during which attempts were made to sequentially measure stimulation thresholds at multiple sites. In three experiments, an occlusion of the circumflex artery (CX) was also performed. If Figure 2 shows an example of the time course of change of diastolic stimulation threshold (upper tracings) and of extracellular potassium and TQ poten- We concentrated on 19 cases in which, during regional ischemia, a decrease of diastolic stimulation An increase of the change of the membrane potential of the potassium-sensitive membrane (AEK) by more than 1 mV was considered significant. Figure 7 ) and of excitability (Figure 8 ). Figure 7 shows the averaged lateral gradients of AEK and TQ potential after 7 minutes of ischemia. Only data from the second period of LAD occlusion and those from the ischemic periods produced by occlusion of the CX are included. The gradients were aligned at the electrode position at which no change of the TQ potential occurred (the electrophysiological border). Figure 7 shows that [K']. accumulation occurs outside the electrophysiological border (compare with Figure 6 ). The gradient of AEK is approximately 20 mV/cm, whereas that of the extracellular potential is approximately 9 mV over the same distance. Figure 8 shows the qualitative changes of the diastolic stimulation threshold as a function of the distance of the recording site from the electrophysiological border. The changes of the diastolic stimulation threshold are divided into four groups: increased stimulation threshold, prolonged decreased threshold with increased AEK, decreased threshold with unchanged AEK, and unchanged threshold. In 2-mm bins, the relative contribution of the four subgroups to the total amount of observations is indicated. The ischemic area is to the left of the electrophysiological border (point 0 on the abscissa of Figure 8 ). If measurements were made repetitively on the same electrode, that electrode was only included once. When progressing from the center of the ischemic tissue toward the normal zone (left to right in Figure 8 ), the percentage of electrodes at which an increased stimulation threshold was measured decreases and, from the electrophysiological border onward, the percentage of electrodes at which no change was recorded increases. The tissue from which a decreased stimulation threshold with an increase of AEK was recorded is located closer to the center of the ischemic region than the myocardium in which a decrease of stimulation threshold was measured without an increase of AEK. The latter group extends to 6 mm from the electrophysiological border; five of the seven sites (71%) were in the first 2 mm from the border. Discussion Harris and Rojas1 observed that the arrhythmias immediately preceding ventricular fibrillation during acute myocardial ischemia originated near the border between ischemic and nonischemic tissue. Janse et a13 decribed that spontaneous ventricular premature beats originated from the normal side of the ischemic border: these beats often were preceded by deeply negative T waves in the ischemic myocardium. Based on Laplacian maps constructed from the extracellular potential distribution across the border during such negative T waves, it was estimated that maximal extracellular current sources on the normal side of the border were in the order of 2 uA/mm3, only half of the value of the current sources of a broad wave front in normal myocardium, which propagates with a high safety factor. This was interpreted as an indication that the injury current is of sufficient intensity to activate myocardium at the normal side of the ischemic border. Moreover, when the injury current is transmitted through a zone of inexcitable tissue toward latent automatic cells present in the nonischemic tissue, the electrotonic current may provoke overt automaticity and may effectively induce ventricular premature beats. 6 During a deeply negative T wave, the injury current is much larger than in mid diastole: an extracellular potential gradient of 58 mV was measured over 1 cm during a deeply negative T wave, whereas only 6 mV was measured during the TQ segment immediately following the deeply negative T wave over the same distance.6 It follows that, when the effects of the injury current are detectable during mid diastole, the injury current can be anticipated to have more pronounced effects during a deeply negative T wave. Diastolic Stimulation Threshold The increase of the diastolic stimulation threshold in ischemic myocardium is related to inactivation of sodium channels by depolarization of the cell membrane9 brought about by extracellular accumulation of potassium ions.10 A small depolarization of the cell membrane, however, may bring the membrane potential closer to Changes similar to those across the lateral border zone may be anticipated across the transmural border zone. Much steeper gradients of [K+]O have been described for the subendocardial20 and the subepicardial21 border zones than for the lateral border zone, particularly when oxygen is present in the environment.22 Activation block has been described at a distance of a mere 600 ,um from the endocardial surface.20 The injury current flowing across the inexcitable subendocardial border zone may well unmask previously suppressed spontaneous diastolic depolarization of the Purkinje cells6,23 and, consequently, premature activation.
In conclusion, this study shows that in regional ischemia there is a zone of 8-mm width across the ischemic border where diastolic excitability is increased by about 20%. Two factors contribute to this: a moderately increased [K+] 0 in tissue at the ischemic side of the border and the diastolic current of injury in tissue at the normal side of the border.
